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Abstract 
We present the experimental results of ac and dc susceptibility, magnetization, magnetic relaxation, 
specific heat and electrical resistivity for hexagonal CaIn2-type polycrystalline Pr2CuIn3. Spin-glass state 
is confirmed to form in this system with a spin freezing temperature Tf~5.4 K. The frequency dependent 
cusp in ac susceptibility, the evident irreversible magnetism and long-time magnetic relaxation behavior, 
and the absence of visible anomaly in temperature dependences of specific heat and electrical resistivity 
are the typical features characteristic of the spin-glass behaviors. A dynamical analysis of the ac 
susceptibility data gives further evidence for the spin-glass state in Pr2CuIn3. Formation of spin-glass 
state in Pr2CuIn3 seems to originate from the continued site randomness of the non-magnetic elements, 
which introduce the random distribution of exchange interactions between Pr atoms.  
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1 Introduction 
Ternary intermetallic compounds with nonmagnetic atom disorder (NMAD) have been attracting 
special attention in recent years. Compounds with the general formula R2MX3 (R=rare earth or uranium, 
M=transition metal, X=Si, Ge, Ga, In) form a large family of the NMAD compounds, and have been 
found to show intriguing physical properties. Most of the R2MX3 compounds crystallize in the “binary-
type” structure, e.g., the AlB2-type structure (space group P6/mmm), the CaIn2-type structure (space 
group P63/mmc), or derivatives of those hexagonal structures. The interest in these compounds stems 
from the characteristic NMAD crystal structure, i.e., completely or partly disordered distribution of the 
M and X atoms on the crystallographic sites, which is expected to cause some anomalous magnetic 
properties. In fact, interesting physical properties have been observed in many 2:1:3 compounds and 
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other NMAD systems such as spin-glass (SG) or cluster-glass (CG) behavior in U2PdSi3, Ce2AgIn3, 
Ce2CuGe3 and U2CoSi3 [Li et al. 2011, Nishioka et al. 2000, Tien et al, 2000, Li et al. 2003, Szlawska 
et al. 2011], giant magnetoresistance in Tb2PdSi3 [Majumdar et al. 2000], coexistence of long-range 
magnetic order and random spin freezing state in U2NiSi3 and U2IrSi3 [Szlawska et al. 2010, Szlawska 
et al. 2014], Kondo behavior in Ce2IrSi3 and Ce2NiSi3 [Szlawska and Kaczorowski 2011, Szlawska and 
Kaczorowski 2012], and complex magnetic ordering in R2PdSi3 (R=Ce, Nd, Tb-Er) and R2RhSi3 (R=Ce, 
Nd, Tb) [Szytula et al. 1999, Szytula et al. 1993] etc. These magnetic properties closely relate to the 
degree of disorder of the nonmagnetic M and X atoms. On the other hand, because the magnetic R atoms 
are completely ordered arrangement on the crystallographic sites, the origin of the observed random 
spin freezing behavior in these compounds is different from that in amorphous or diluted metallic SG 
system. In order to comprehensively observe the spin frustration effects in the NMAD systems and to 
explain their mechanisms, systematic experimental measurements on other NMAD compounds are 
necessary. 
We have been paying special attention to a family of the 2:1:3 compounds, namely R2CuIn3 (R=rare-
earth element). Compounds with R=Ce, Pr, Nd, Tb, Dy, Ho and Er) were early reported to crystalize in 
the hexagonal AlB2-type structure (space group P63/mmm) [Siouris et al. 2000], and later, some of them 
(R=Ce, Pr, and Nd) were confirmed to crystalize in the hexagonal CaIn2-type structure (space group 
P63/mmc) [Tyvancchuk et al. 2008], which is derived from the AlB2-type structure. Magnetic property 
measurements reveal that the Nd, Sm Tb, Dy, Ho, and Er compounds order antiferromagnetically with 
Curie temperature TN range from 4.7 K (Nd) to 30 K (Tb) [Siouris et al. 2000, Tyvancchuk et al. 2008], 
while Ce2CuIn3 shows the SG behavior with spin freezing temperature Tf=2.1 K [Rojas et al. 2006, Rojas 
et al. 2008]. As for Pr2CuIn3, only the dc magnetic susceptibility measurements were reported, and this 
system is considered to be either a paramagnet (down to 4.2 K) [Siouris et al. 2000] or an 
antiferromagnet with TN=4.7 K [Tyvancchuk et al. 2008]. We have systematically studied the magnetic 
properties of polycrystalline Pr2CuIn3. In this paper, we present the detailed experimental results 
including ac susceptibility Fac(T), high field magnetization M(H), field-cooled (FC) and zero-field-
cooled (ZFC) dc susceptibility F (=M(T)/H), magnetic relaxation M(t), specific heat C(T) and electrical 
resistivity U(T). 
2 Experimental 
The polycrystalline sample of Pr2CuIn3 was prepared by arc-melting stoichiometric amounts of the 
constituent elements with high purities (3N for Pr, 4N for Cu and 5N for In) in a purified argon 
atmosphere. To enhance homogeneity, the button was flipped over and re-melted four times. The sample 
was then wrapped into tantalum foil and annealed in evacuated silica tube at 850 qC for two weeks. X-
ray powder diffraction was performed at room temperature with Cu KD radiation to check the sample 
quality and to determine the crystal structure. The sample was found to be almost single-phased with 
negligible impurities. The diffraction lines can be indexed based on the hexagonal CaIn2-type structure 
model (space group P63/mmc) with Pr atoms on 2b sites (0, 0, 1/4) and Cu and In atoms statistically 
distributed over the 4f sites (2/3, 1/3, 0.0343) [Tyvancchuk et al. 2008]. The ac and dc susceptibility, 
low-field magnetization and magnetic relaxation were measured by using a 1T-SQUID magnetometer 
(Quantum Design). High-field magnetization experiments at 2.7 K were carried out using an Oxford 
Instruments VSM 12 T magnetometer in magnetic fields up to 115 kOe. The adiabatic heat pulse method 
was employed for specific heat measurements in the temperature range 1.6-40 K. Electrical resistivity 
measurements were performed between 3.5 and 285 K using a standard four-terminal dc method. 
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3 Results and analysis 
The temperature dependence of the ZFC dc susceptibility F௓ி஼ሺܶሻሾൌ ܯ௓ி஼ሺܶሻ ܪሿΤ  of Pr2CuIn3 
measured in a field of H=100 Oe is shown in Fig. 1. Above 20 K the observed F௓ி஼ሺܶሻ behavior can be 
well described by the Curie-Weiss law with the values of effective magnetic moment Peff=3.6 PB/Pr, and 
the paramagnetic Curie temperatureTp=5.3 K. The Peff  value is close to the value of 3.58 PB expected 
for free-ion Pr+3 in the J=4 Hund’s rule ground state indicating the 4f electrons are almost localized 
within the Pr atoms. At low temperatures, a sharp peak is observed near Tf=5.4 K indicating some kind 
of magnetic phase transition near this temperature. In order to character the nature of this transition, the 
FC and ZFC susceptibilities in applied fields of 100 and 2 kOe were measured between 2 and 20 K. As 
shown in Fig. 2, magnetic transition peak can be observed only in the F௓ி஼ሺܶሻ curve, which becomes 
broader and its height decreases with increasing H. On the other hand, there exists a characteristic 
temperature Tir, clear irreversible magnetism manifesting as the bifurcation between the FC and ZFC 
curves appears at temperatures T<Tir, while no difference between the FC and ZFC curves can be 
observed for T>Tir. The characteristic temperature Tir is close to Tf in low applied magnetic fields [Fig. 
2(a)], which shifts toward lower temperatures with increasing H [Fig. 2(b)] and cannot be observed 
down to 2 K under the field larger than 3 kOe. The strong field dependence of the peak position Tf in 
F௓ி஼ሺܶሻ curve and the evident irreversible magnetism below Tir are the typical features of SG system. 
As usually observed in SG systems, the irreversible magnetism mentioned above indicates the 
nonequilibrium feature of the low-temperature magnetic states in Pr2CuIn3. Thermodynamically, such 
nonequilibrium states directly relate to slow dynamics, and thus remanence phenomenon in field 
dependence of magnetization and long-time magnetic relaxation effect are also expected at low 
temperatures for the Pr2CuIn3 sample. Figure 3 shows the field dependence of magnetization, M(H), of 
Pr2CuIn3 measured at 2.7 K up to 115 kOe. Although M(H) shows a tendency to attain the full moment 
value at high fields, the complete saturation is not achieved in the field range of the measurement. With 
increasing H, M reaches a value of 21.5 emu/g (=1.3 PB/Pr) at 115 kOe and when H is returned from 
115 kOe to zero a remanent magnetization of about 0.113 emu/g (=0.007 PB/Pr) is detected. From the 
hysteresis loop. We determine the coercive field HC of Pr2CuIn3 to be 141 Oe at 2.7 K. Magnetic 
relaxation effect of Pr2CuIn3 was studied at 2 K by measured the magnetization M as a function of time 
t in zero and 200 Oe applied fields, the experimental results are illustrated in Fig. 4. To measure the M(t) 
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Figure 1: Temperature dependences of the ZFC dc
magnetic susceptibility and the reciprocal 
magnetic susceptibility (inset) of Pr2CuIn3 in a
field of 100 Oe. 
Figure 2: Comparison between FC (○) and ZFC
(x) susceptibility of Pr2CuIn3 measured in 100 Oe
(a) and 2000 Oe (b) in the temperature range of 2-
20 K. 
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behavior in 200 Oe, the sample was first cooled in zero-field from 30 K (far above Tf) to 2 K, then a 
magnetic field of 200 Oe was applied at t=0.  In the case of measuring M(T) behavior in zero field, we 
first cooled the sample in a field of 200 Oe from 30 K to 2 K, and then switched off the field at t=0. In 
both cases, the decay of M(t) is remarkably slow, unsaturated magnetization in 200 Oe [Fig. 4(a)] and 
nonzero remanence in zero field [Fig. 4(b)] can be observed even after waiting for 1 h. Using a 
logarithmic function, ܯሺݐሻ ൌ ܯ଴ െ ݈ܵ݊ሺݐ ൅ ݐ଴ሻ, the obtained relaxation behaviors shown in Figs. 4(a) 
and 4(b) can been fitted very well over the full time range studied with three H- and T-dependent fitting 
parameters: initial zero-field magnetization M0, magnetic viscosity S and characteristic time t0.  
It is well known that, although the irreversible magnetism and the long-time magnetic relaxation 
behavior are characteristic of SG materials, these phenomena can also be observed in some long-range 
magnetic-ordered systems [Chandrasekhar Rao et al. 1996, Majumdar et al. 1999]. In order to confirm 
the existence of the SG effect in Pr2CuIn3, we have measured the ac susceptibility as a function of 
temperature in the frequency range 0.1 Hz d Z/2Sd 1000 Hz. Figure 5 and figure 6 illustrate the in-
phase ߯௔௖ᇱ ሺܶǡ ߱ሻ  and the out-of-phase ߯௔௖ᇱᇱ ሺܶǡ ߱ሻ  components of the ac susceptibility, respectively, 
around the transition temperature. Clearly, both ߯௔௖ᇱ ሺܶǡ ߱ሻ  and ߯௔௖ᇱᇱ ሺܶǡ ߱ሻ  curves show distinct 
maximum around Tf. As Z increases, both peak positions in ߯௔௖ᇱ ሺܶǡ ߱ሻ and ߯௔௖ᇱᇱ ሺܶǡ ߱ሻ curves shift to 
higher temperatures. For example, at Z/2S=0.1 Hz, the cusp in ߯௔௖ᇱ ሺܶǡ ߱ሻ appears at 5.4 K, which shifts 
to 5.9 K at Z/2S=1000 Hz. This is a typical behavior characteristic of SG materials suggesting the 
formation of the SG state in Pr2CuIn3.  
Ac susceptibility technique is a powerful tool for characterizing magnetic phase transition. For a SG, 
the dynamic spin freezing temperature Tf, generally defined as the peak temperature of ߯௔௖ᇱ ሺܶǡ ߱ሻ curve, 
is sensitive to the frequency even at low Zvalues. This could offer a good criterion for distinguishing a 
canonical SG from a SG-like material by comparing the initial frequency shift of Tf using the expression 
GTf='Tf /(Tf 'logZ), where, GTf represents the relative change of Tf  per decade Z [Mydosh 1993]. For 
most spin glasses evident up-shift of Tf with increasing Z can be observed with the GTf values from a 
few thousandths to a few hundredths. In the present case, GTf is determined to be 0.020 for Pr2CuIn3. 
This value is comparable to the typical values of spin glasses.  
In order to further identify the nature of spin freezing state, we have used the Vogel [Vogel 1921] 
and Fulcher [Fulcher 1925] empirical law, ߱ ൌ ߱଴ሾെܧ௔ ݇஻ሺ ௙ܶΤ െ ଴ܶሻሿ , and the conventional 
critical slowing down model [Hohenberg et al. 1977, Gunnarsson et al. 1988], ߬௠௔௫ ൌ
߬଴ሾሺ ௙ܶ െ ௌܶሻ ௌܶΤ ሿି௭జ , to analyze the frequency dependence of ac susceptibility and to estimate the 
Figure 3: High field magnetization of Pr2CuIn3
measured at 2.7 K up to 115 kOe. The inset 
displays the low field part in an expanded scale. 
Figure 4: Decay of magnetization of Pr2CuIn3
measured at 2 K in 200 Oe (a) and in zero field (b)
plotted as M (t)/M (0) vs. t. 
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dynamical parameters: activation energy Ea, effect temperature T0, static freezing temperature TS, and 
critical (dynamical) exponent zQ. Where, Wmax represents the maximum relaxation time of the spin system 
at a temperature Tf, and zQ is a critical (dynamical) exponent. For a SG, Tf can be chosen as the peak 
point of the ߯௔௖ᇱ ሺܶǡ ߱ሻ curve and then Wmax should be determined as 2S/Z. W0 is a microscopic relaxation 
time determined by the spin flip time of the atomic magnetic moments in spin glasses. Assuming 
Z/2S=1013 Hz, typically taken in the SG systems [Tholence 1980, Prejean 1978, Dho et al. 2002], the 
best fits [solid lines in Fig. 7 and Fig. 8 ] of the equations to the experimental data yield the values of 
fitting parameters Ea/kB=34.7 K, T0=4.4 K, TS=5.02 K and zQ=12.9. It is worth notice that zQ is usually 
around 2 for conventional phase transitions [Mydosh 1993)] and much larger than 2 for SG transition. 
In addition, the activation energy in Pr2CuIn3 estimated from the ac susceptibility measurements is Ea|7 
kBTS. These results are characteristic of SG material and can be considered as important evidence for the 
formation of a random spin freezing state in Pr2CuIn3 at low temperatures. 
Figure 5: Temperature dependence of real
component of the ac susceptibility of Pr2CuIn3
measured at various frequencies. 
Figure 6: Temperature dependences of imaginary 
component of the ac susceptibility of Pr2CuIn3
measured at various frequencies. 
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Figure 7: Frequency dependence of the spin
freezing temperature Tf of Pr2CuIn3, plotted as Tf
vs. 100/ln(Z0/Z) to estimate the activation energy
Ea. 
Figure 8: Frequency dependence of the spin
freezing temperature Tf of Pr2CuIn3, plotted as Tf
vs. ln(Z0/Z) to estimate the static freezing
temperature TS and the critical exponent zQ. 
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In order to confirm whether or not a long-range magnetic order occurs around Tf, where ac 
susceptibility and dc ZFC susceptibility show an evident peak, the temperature dependence of specific 
heat between 1.6 and 40 K was measured in this study. It is clear from figure 9 that the specific heat 
increases monotonically with T. Although a broad bend appears around ~6 K similar to that usually 
observed in some magnetic cluster systems, no significant peak can be detected at Tf (a5.4 K). This 
result suggests the absence of long-range spatial magnetic order in the vicinity of Tf. Thus, the observed 
sharp peak in the F௓ி஼ሺܶሻ and the ߯௔௖ᇱ ሺܶǡ ߱ሻcurves at Tf, the thermomagnetic irreversibility as well as 
the long-time magnetic relaxation behavior below Tf can be considered to originate from the random 
spin freezing in an SG state. At low temperatures, the C/T vs T2 plot (inset of figure 9) yields for To0 
K a large Sommerfield coefficient [Ja300 mJ (mole-U)1 K2] like that usually observed in a common 
SG material or a heavy-fermion compound, suggesting the influence of NMAD structure and possible 
Kondo effect in this compound. It should be emphasized that, for spin glasses, the magnetic specific 
heat usually makes a broad contribution around the temperature near and above Tf. The C(T) curve 
measured for Pr2CuIn3 mentioned above shows a similar anomaly around ~6 K|1.1 Tf, which may be 
originated from the formation of some kind of magnetic cluster in this systems at low temperatures. 
Figure 10 displays the results of electrical resistivity measurement of Pr2CuIn3 between 3.5 and 285 
K.TheU(T) curve shows metallic conductivity with some negative curvature between 70 and 200 K, 
which may be resulted from crystal field interaction and/or s-d interband scattering of conduction 
electrons [Kaczorowski et al. 2001]. As clearly shown in the inset of this figure in an expanded scale, 
no anomaly [e.g., U(T) sharply drops] can be detected at Tf~5.4 K, which provides a new evidence for 
the absence of long-range magnetic ordering in Pr2AgIn3. In addition, a larger residual resistivity 
RR=U(T=3.5K)=128 P:cm and a small residual resistivity ratio RRR=U(T=285K)/U(T=3.5K)=2.2 are 
obtained in the temperature range measured, which can be attributed to scattering at structural disorder 
as is usually observed in metallic spin glasses. On the other hand, as decreasing the temperature down 
to Tmin~10 K, the U(T) values begin to rise leading to a minimum in U(T) around this temperature. It is 
interesting to note that minimum in U(T) curve is the hallmark for diluted Kondo effect, and is very 
common in all Kondo systems showing some kind of disorder. In fact, similar phenomenon of U(T) 
minimum has been observed for many U2MSi3 compounds showing SG or CS behavior. However, 
recent resistivity measurements taken in external magnetic field for a single crystalline U2CoSi3, which 
shows the CG properties below the spin freezing temperature Tf=6 K and an evident resistivity minimum 
just at Tf, do not support the argument of Kondo-type resistivity minimum for this compound [Szlawska 
Figure 9: Temperature dependence of specific heat 
of Pr2CuIn3 between 1.6 and 40 K. The inset shows
the low temperature data plotted as C/T vs. T2. 
Figure 10: Temperature dependence of electrical
resistivity of Pr2CuIn3 between 3.5 and 285 K. The
inset shows the low temperature data. 
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et al. 2011].  To understand the mechanism of resistivity minimum observed in NMAD 2:1:3 systems, 
further experimental researches are necessary.   
In conclusion, systemic magnetic measurements including ac and dc susceptibility, magnetization, 
magnetic relaxation, specific heat and electrical resistivity have been performed on NMAD compound 
Pr2CuIn3, which is confirmed to crystallize in the hexagonal CaIn2-type structure. This system is found 
to undergo a SG transition with a spin freezing temperature Tf~5.4 K. The typical experimental 
phenomena characteristic of the SG behavior observed for Pr2CuIn3 can be summarized as (1) frozen-in 
magnetic moments below Tf and hence a cusp-like anomaly in field-dependent dc susceptibility, and in 
frequency-dependent ac susceptibility around Tf, (2) lack of periodic long-range magnetic order marked 
by absence of visible singularity in temperature dependences of specific heat and electrical resistivity at 
Tf, (3) remanence and irreversibility effects below Tf, and (4) magnetic relaxation on macroscopic time 
scales after changing the magnetic field below Tf. Moreover, the values of GTf (initial frequency shift of 
spin freezing temperature), zQ (critical exponent), and Ea (activation energy) determined from a 
dynamical analyses of the ac susceptibility data are typical for a SG system. These results indicate that 
SG state is formed in Pr2CuIn3 at low temperatures. Considering that Pr2CuIn3 is a NMAD compound, 
it is not surprising that both frustration and randomness, the necessary conditions for SG state, are 
possible to present in this compound. The statistical distribution of the Cu and In atoms at 
crystallographically equivalent lattice sites could destroy the long-range magnetic correlation between 
Pr atoms and results in the formation of individual and randomly distributed spins or small magnetic 
clusters, which interact with each other at low temperatures and freeze in along random directions. 
.  
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